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PhagocytosisInﬂammation, ischemia or the microenvironment of solid tumors is often accompanied by a reduction of extra-
cellular pH (acidosis) that stresses the cells and acts on cellular signaling and transcription. The effect of acidosis
on the expression of various inﬂammatory markers, on functional parameters (migration, phagocytic activity)
and on signaling pathways involved was studied in monocytic cells and macrophages. In monocytic cell lines
acidosis led to a reduction in expression of most of the inﬂammatory mediators, namely IL-1ß, IL-6, TNF-α,
MCP-1, COX-2 and osteopontin. In primary human monocytes MCP-1 and TNF-α were reduced but COX-2 and
IL-6were increased. In RAW264.7macrophage cell line IL-1ß, COX-2 and iNOS expressionwas increased, where-
as MCP-1 was reduced similar to the effect in monocytic cells. For primary human monocyte-derived macro-
phages the regulation of inﬂammatory markers by acidosis depended on activation state, except for the
acidosis-induced downregulation of MCP-1 and TNF-α. Acidosis affected functional immune cell behavior
when looking at phagocytic activity which was increased in a time-dependent manner, but cellular motility
was not changed. Neither ERK1/2 nor CREB signaling was stimulated by the reduction of extracellular pH. How-
ever, p38 was activated by acidosis in RAW264.7 cells and this activation was critical for the induction of IL-1ß,
COX-2 and iNOS expression. In conclusion, acidosis may impede the recruitment of immune cells, but fosters in-
ﬂammationwhenmacrophages are present by increasing the level of COX-2 and iNOS and by functionally forcing
up the phagocytic activity.
© Elsevier B.V. All rights reserved.20151. Introduction
Different pathological conditions like inﬂammation, ischemia or
solid tumors are accompanied by a reduction of the extracellular pH.
This is caused by hypoxia, glycolytic cell metabolism or a hampered re-
moval of acidic metabolic byproducts due to impaired blood perfusion
[1]. Typical values for interstitial tissue pH found in inﬂammatory
disease [2] or in solid growing tumors [3] are in the range of pH 6.0
and pH 7.0. Since acidosis can regulate cellular responses by affecting
enzyme activity, ion transport, protein and DNA synthesis as well as
the level of cAMP and calcium, an acidic microenvironment can impair
immune cell function. The effect of reduced pH on polymorphonuclear
leukocyte and lymphocyte function seems mainly inhibitory, but
concerning acidosis and macrophages there are only very few studies
(overview see [4]). Since not only macrophages, but also their precur-
sors are exposed to the acidic microenvironment, we analyzed the
impact of a reduced extracellular pH on immune cell function and the
expression of different inﬂammatory mediators in monocytes (THP-1,te of Physiology, University
ale), Germany.
A. Riemann).Mono Mac 6, primary human blood monocytes) and macrophages
(PMA-differentiated THP-1, RAW264.7, primary human monocyte-
derived macrophages). The set of inﬂammatory markers tested com-
prises interleukin-1ß (IL-1ß), interleukin-6 (IL-6), tumor necrosis
factor-α (TNF-α), monocyte chemoattractant protein-1 (MCP-1/
CCL2), cyclooxygenase-2 (COX-2/PTGS2), inducible isoform of nitric
oxide synthase (iNOS/NOS2), and osteopontin (SPP1). IL-1ß is mainly
produced bymonocytes andmacrophages and plays a critical role in in-
ﬂammation by inﬂuencing both innate and adaptive immune response
(overview see [5]). IL-1ß is involved in the response to tissue damage
and cell death, which is often the result of extracellular acidosis. It
leads to the activation of NF-κB and MAPK signaling. IL-6 is promptly
produced in response to tissue injuries and infections and has pro- or
anti-inﬂammatory activity depending on the microenvironmental con-
ditions [6]. It can switch the balance between tissue repair and carcino-
genesis [7], and it affects immunity for instance by acting on monocytic
migration [8] and by regulating the differentiation of B-cells and subsets
of T-cells [9]. One of the most important pro-inﬂammatory cytokines is
TNF-α, which is mainly produced by macrophages and T-cells and
which contributes to inﬂammation, cell proliferation, differentiation,
leukocyte adhesion and apoptosis [10,11]. TNF-α can act through
MAPK signaling, transcription factors or caspases and induces the
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(ROS) [11]. MCP-1 is expressed by various cell types either constitutive-
ly or after induction by growth factors, cytokines or oxidative stress [12].
It is involved in the activation and recruitment of leukocytes. Induction
of COX-2 and iNOS promotes inﬂammation by the production of prosta-
glandins and reactive nitrogen species, respectively [13,14]. Osteopon-
tin is a secreted matricellular protein that regulates the recruitment of
monocytes/macrophages and the secretion of cytokines by leukocytes
[15]. It modulates tissue repair and inﬂammation and might therefore
be regulated itself by the pH of the microenvironment [16].
The aim of the present study was to analyze whether extracellular
acidosis affects the expression of these inﬂammatorymarkers in mono-
cytic or macrophagic cell lines. For comparison all measurements were
also performed in primary human monocytes and macrophages
(includingmacrophageswhichwere polarized toM1 orM2 cells). Addi-
tionally, the impact of acidosis on functional parameters such as cell
migration or phagocytic activity was studied. Finally, the underlying
signaling pathways responsible for changes in cytokine expression
were investigated.
2. Material and methods
2.1. Cell culture
Experiments were performed on monocytic cell lines (Mono Mac 6,
THP-1) and on macrophages (RAW264.7, PMA-differentiated THP-1).
RAW264.7 murine macrophages (ATCC TIB-71) were grown in DMEM
medium supplemented with 10% fetal calf serum (FCS), THP-1 [17]
and Mono Mac 6 [18] monocytic cells in RPMI with 10% FCS. All cells
were grown at 37 °C under a humidiﬁed 5% CO2 atmosphere and
sub-cultivated once per week. For a further direct comparison of
monocytic cells and macrophages, THP-1 cells were differentiated to a
phagocytic phenotype by incubation with phorbol 12-myristate 13-
acetate (PMA). Differentiation of 1 × 105 THP-1 cells/ml was induced
with 5 ng/ml PMA over 48 h according to the protocol of Park et al.
[19] and was monitored by changes in cell morphology as well as an
increase in cell adhesion and phagocytosis of coated latex beads
(Suppl. Fig. 1).
2.2. Primary human cells
Humanmonocyteswere isolated fromperipheral blood as described
previously [20–22]. Brieﬂy, heparinized buffy coats of human male
donorswere obtained from the transfusion center of theUniversityHos-
pital. Written consent of the donors was obtained. The use of the blood
was permitted by the local ethical committee. The buffy coat was dilut-
ed with the same volume of Hank's balanced salt solution (Biochrom
AG, Berlin, Germany) and the mononuclear cells (MNC) were obtained
after density gradient centrifugation (400 ×g, 30 min, 20 °C) using
Biocoll™ (Biochrom, Berlin, Germany). The MNC were washed twice
(200 ×g, 10 min), transferred into MACS® buffer and monocytes were
prepared using CD14-beads and a LS-column (MACS®-system;Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the manufacturer's
instructions. These monocytes were used either for direct measure-
ments after exposing them to an extracellular acidosis (see below, ex-
cept: incubation time without FCS supplementation was reduced to
3 h) or were differentiated to macrophages by plating the cells for
24 h in 6-well plates in RPMI/10% FCS leading to unpolarizedM0macro-
phages [23]. Polarization of the macrophages to M1 or M2 cell was per-
formed as described previously [24]. In brief, cells were either incubated
for 24 h with LPS (50 ng/ml) and IFNγ (20 ng/ml) resulting in M1mac-
rophages or with IL-4 and IL-10 (20 ng/ml each) leading to M2 macro-
phages [24]. After polarizing the cells, macrophages were kept for
another 24 in RPMI without FCS supplementation after which the cells
were incubated in an acidic or a control environment (see below).2.3. Experimental setup (acidosis challenge)
The cells were transferred to medium without additional FCS sup-
plementation for 24 h prior to the measurements and were incubated
afterwards for 3 h (mRNA and signaling measurements) or up to 24 h
(protein expression) in Ringer solutions, respectively. Control cells
were exposed to bicarbonate HEPES-buffered Ringer solution adjusted
to pH 7.4 (NaHCO3 24.0 mM, Na2HPO4 0.8 mM, NaH2PO4 0.2 mM,
NaCl 86.5 mM, KCl 5.4 mM, CaCl2 1.2 mM, MgCl2 0.8 mM, HEPES
20 mM; pH adjustment with 1 N NaOH). Extracellular acidosis
(pH6.6)was applied using isoosmotic bicarbonateMES-bufferedRinger
solution (NaHCO3 4.5 mM, Na2HPO4 0.8 mM, NaH2PO4 0.2 mM, NaCl
106 mM, KCl 5.4 mM, CaCl2 1.2 mM, MgCl2 0.8 mM, MES
(morpholinoethanesulfonic acid) 20 mM; pH adjustment to 6.6 with
1 N NaOH). For incubation periods longer than 6 h (COX-2 and IL-1ß
protein expression measurements) DMEM medium with 1,5 g/l
NaHCO3 was used and adjusted to pH 7.4 or pH 6.6 with 1MHCl. Extra-
cellular pH (pHe) was checked with a blood gas analyzer (ABL5, Radi-
ometer, Copenhagen, Denmark) and only minor pH changes of Ringer
solutions and DMEM medium were observed after the incubation
periods. For experiments on the role of MAP kinase p38 10 μM of the
p38 inhibitor SB203580 or DMSO (control) was added during the incu-
bation period.
2.4. Quantitative PCR
Total RNA was isolated using the InviTrap Spin Tissue RNA Mini kit
(Invitek, Berlin, Germany). 1 μg RNAwas subjected to reverse transcrip-
tion with SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA,
USA) and analyzed by qPCR using the Platinum SYBR Green qPCR
Supermix (Invitrogen, Carlsbad, CA, USA); each step according to the
manufacturer's instructions. The obtained data was normalized against
Rn18S. The obtained data was normalized against Rn18S and related to
the respective control (pH 7.4) [25]. The obtained ΔΔCq values for each
experiment were averaged and subjected to statistical analysis. The
following primers were used:Target-murine- Forward primer Reverse primertgs2/COX2 AGGACTCTGCTCACGAAGGA TCATACATTCCCCACGGTTT
1b CCTGCTGGTGTGTGACGTTCCC CAGGGTGGGTGTGCCGTCTT
6 CCGGAGAGGAGACTTCACAG TTCTGCAAGTGCATCATCGT
os2/iNos ACTGGAGGTGGGTGGCCTCG CTCCACGGGCCCGGTACTCA
cl2/MCP1 AGGTCCCTGTCATGCTTCTG TCTGGACCCATTCCTTCTTG
P1/osteopontin ATTTGCTTTTGCCTGTTTGG TGGCTATAGGATCTGGGTGC
f CACACTCAGATCATCTTCTCAAAA GTAGACAAGGTACAACCCATCGrget-human- Forward primer Reverse primer
TGS2/COX2 CTTACAATGCTGACTATGGCTAC AAACTGATGCGTGAAGTGCTG
1B ACGCTCCGGGACTCACAGCA TGAGGCCCAAGGCCACAGGT
6 CCTCGACGGCATCTCAGCCC TGTGGTTGGGTCAGGGGTGGT
OS2/INOS ACAAGCCTACCCCTCCAGAT TCCCGTCAGTTGGTAGGTTC
CL2/MCP1 GTCTCTGCCGCCCTTCTGTGC AACAGCAGGTGACTGGGGCA
p1/osteopontin AGCAGAATCTCCTAGCCCCA CTGGATGTCAGGTCTGCGAA
F AGTTGTGTCTGTAATCGCCCTAC CTAAGCAAACTTTATTTCTCGCCn18s CTG AGA AAC GGC TAC CAC ATC CCC AAG ATC CAA CTA CGA GCR2.5. IL-1ß ELISA and nitrate/nitrite production
Secretion of IL-1ß was analyzed by mouse IL-1 beta ELISA Ready-
SET-Go (eBioscience, San Diego, CA, USA), while nitrite and nitrate
production was studied using nitrate/nitrite ﬂuorometric assay kit
(Cayman Chemical, Ann Arbor, MI, USA). Prior to both measurements
cell supernatant was centrifugated brieﬂy to remove any cells. Respec-
tivemedia and Ringer's solutions without cells were used as references.
Measurements were made according to the manufacturer's instruction
and the obtained data was normalized to overall protein content in μg
before calculating relative acidosis-induced effects. The secreted IL-1ß
concentration measured in the assay was within 0–5 pg/ml.
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Western blotting was performed according to standard protocols.
Cells were lysed (0.5 M Tris–HCl pH 6.8; 10% SDS; 10% 2-
Mercaptoethanol; 20% Glycerol; 0.01% Bromphenol blue), separated
by SDS-PAGE and transferred to a nitrocellulose membrane. Subse-
quently, membranes were incubated with antibodies speciﬁc for
ERK1/2, p38, CREB, phospho-ERK1/2, phospho-p38, phospho-CREB
(Cell Signaling Technology, Danvers, MA, USA) and COX-2 (ab52237,
Abcam, Cambridge, UK). The bound primary antibody was visualized
using horseradish peroxidase (HRP)-conjugated secondary antibodies
and Serva chemoluminescence reagent for HRP (Serva, Heidelberg,
Germany) with the Molecular Imager ChemiDoc XRS System (Biorad,
Munich, Germany). Quantitative analysis was performed with Quantity
One software (Biorad, Munich, Germany). Phosphorylated ERK1/2, p38
and CREB were normalized against total ERK1/2, p38 or CREB, respec-
tively, while COX-2 was normalized to Hsp90 or GAPDH (Cell Signaling
Technology, Danvers, MA, USA).2.7. Migratory speed and phagocytosis
Migrationwas assayed by time lapse photography. Cellswere grown
in 35 mm-Petri dishes, serum-starved, incubated with the above
mentioned bicarbonate solutions and transferred to an incubation
chamber (stage Top Incubator INU-KI-F1; Tokai Hit, Shizuoka, Japan)
of a Keyence BZ-8100E ﬂuorescence microscope (Keyence Corporation,
Neu-Isenburg, Germany). Pictures were taken every 1–5 min (overall
time interval: 60–100 min). The migratory speed of single cells (in
μm/min) was calculated using BZ analyzer (Keyence Corporation) and
ImageJ. Phagocytosis of IgG FITC-coated latex beads was analyzed
according to the instructions of the phagocytosis assay kit (Cayman
Chemical, Ann Arbor, MI, USA). Brieﬂy, 5 × 105 cells/ml were grown in
24-well plates, serum-starved and incubated at pH 7.4 or pH 6.6 (see
Experimental setup). Cells were harvested and washed in assay buffer
and FITC-labeled cells analyzed by ﬂow cytometry (LSRFortessa, BD
Biosciences, San Jose, CA, USA).2.8. Materials
If not stated otherwise, chemicals were purchased from Sigma-
Aldrich, Munich, Germany.2.9. Data analysis
Data are presented as mean ± SEM. For all other experiments, n
equals the number of cell passages used to perform the measurements
(performance of duplicates or triplicates is indicated separately in the
text) and three different passages were performed at least. Statistical
signiﬁcance was determined by unpaired Student's t-test or ANOVA,
as appropriate. Differences were considered statistically signiﬁcant
when p b 0.05.3. Results
All experiments were performed in monocytic cell lines (Mono Mac
6, THP-1) or primary monocytes as well as in macrophage cell lines
(RAW264.7, differentiated THP-1) or primary monocyte-derived
macrophages. In order to differentiate the monocytic cell line THP-1 to
macrophages, cells were incubated with PMA for 48 h. During this
procedure cells changed their morphology, became adherent and
spindle-shaped (Suppl. Fig. 1A) and the phagocytotic activitywas signif-
icantly increased (Suppl. Fig. 1B) both indicating a cellular differentia-
tion to a macrophagic phenotype.3.1. Changes in the expression of inﬂammatory markers by acidosis
The impact of extracellular pH on the inﬂammatory program of
immune cells was analyzed after 3 h at a pH of 7.4 (control) or 6.6
(acidosis), respectively. Fig. 1 shows the expression of various inﬂam-
matory markers on mRNA level in the different cell types. All values
shown are normalized to the control conditions (3 h pH 7.4). When an-
alyzing acidosis-induced expression of inﬂammatorymarkers, profound
differences between monocytic cells (Fig. 1A + C) and macrophages
(Fig. 1B + D) became apparent. Both monocytic cell lines display a
diminished expression of inﬂammatory markers upon acidosis with a
reduction of COX-2, IL-6, MCP-1, SPP1 and TNF-αmRNA. In Mono Mac
6 cells IL-1ß was reduced also (Fig. 1A), while iNOS was elevated in
THP-1 cells (Fig. 1C). In macrophages the expression was increased
(COX-2, IL-1ß and iNOS in RAW264.7 cells, Fig. 1C) or essentially unaf-
fected in PMA-differentiated THP-1 cells except for IL-1ß (Fig. 1D) by ac-
idosis. However, MCP-1mRNAwas decreased under acidotic conditions
in monocytic cells as well as in RAW264.7 macrophages, possibly
pointing to a general role of acidosis in regulating MCP-1 expression
that is independent of the differentiation state or cell type. IL-6 was
not detectable in RAW264.7 cells in this study probably due to our
experimental setting (incubation without FCS for 24 h), although it is
known to be expressed [26]. When RAW264.7 cells were not serum-
starved for 24 h, IL-6 expression reappeared (data not shown). Expres-
sion of iNOS in Mono Mac 6 cells was also not detectable, which is in
accordance with the literature [27].
Comparable measurements were performed in primary monocytes,
unpolarized macrophages (M0) as well as in M1 or M2 polarized cells
(Fig. 2). In primarymonocytes the expression of COX-2 and IL-6was sig-
niﬁcantly increased by a factor of 3 to 4,whereas the expression ofMCP-
1 and TNF-α was reduced (Fig. 2A). In M0 and M2 macrophages the
acidosis-induced changes in cytokine expression were similar to the
data obtained in the RAW264.7 cell line (Fig. 2B + D). IL-1ß, MCP-1,
SPP1 and TNF-α mRNA were decreased while iNOS and COX-2 (p =
0.06) showed a trend of increased expression in unstimulated macro-
phages. Expression of iNOS was not detected in 3 out of 5 human sam-
ples therefore statistical analysis was not possible. Low iNOS expression
might be the result of variability between different patients or inhomo-
geneous expression in only a small subset of macrophages as described
in [28]. Acidosis increased COX-2 and reduced MCP-1 and TNF-α
expression in M2 polarized macrophages (Fig. 2D). In M1 polarized
macrophages also a signiﬁcant decrease in MCP-1 and TNF-α was
seen, as well as a reduction of IL-1ß and COX-2 mRNA (Fig. 2C).
Since mRNA levels of COX-2, IL-1ß and iNOS were increased by ex-
tracellular acidosis in RAW264.7 cells, the effect on protein content of
these inﬂammatory markers was studied. COX-2 protein (Fig. 3A,
Suppl. Fig. 2) and IL-1ß secretion (Fig. 3B) were elevated after 6 h of
acidic treatment. The production of nitrate and nitrite, which is a func-
tional measure of reactive nitrogen species production by iNOS, was
increased in an acidic environment after 3 h and 6 h (Fig. 3C).3.2. Activation of immune cell function by extracellular acidosis
Different studies have focused on the role of extracellular pH on im-
mune cell activity particularly on cell migration and on phagocytosis.
The effect of extracellular acidosis on random movement of monocytic
cells (Mono Mac 6 and THP-1) and RAW264.7 macrophages was
analyzed by time lapse photography. Acidosis did not affect the migra-
tory behavior of the immune cells studied (Fig. 4). However, when
studying phagocytosis of macrophages (PMA-differentiated THP-1 and
RAW264.7) acidosis led to an increased phagocytic activity after 24 h
(Fig. 5). Differentiated THP-1 even displayed increased phagocytosis
already after 3 h in an acidic environment (Fig. 5A). Therefore, extracel-
lular acidosis affects immune cell function in concern of phagocytosis,
but does not inﬂuence cellular motility.
Fig. 1.Acidosis-inducedmodulation of the expression of inﬂammatorymarkers inmonocytes (A+ C) andmacrophages (B+D). Changes inmRNA expression of COX-2, IL-1ß, IL-6, iNOS,
MCP-1, osteopontin (SPP1) and TNF-α inMonoMac 6 (A), THP-1 (C), RAW264.7 (B) and PMA-differentiated THP-1 cells (D). Fold regulation andΔΔCq values of pH6.6 compared to pH7.4
after an incubation period of 3 h are shown, n = 6–12 (triplicates each). (*) p b 0.05, (**) p b 0.01 vs. pH 7.4, (n.d.) not detectable.
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Whether an acidic environment impacts on cellular signaling
was determined by semi-quantitative analysis of phosphorylation of
ERK1/2, p38 and CREB (Fig. 6, Suppl. Fig. 3). Overall protein amount ofFig. 2. Acidosis-inducedmodulation of the expression of inﬂammatorymarkers in (A) primary h
cells. Fold regulation andΔΔCq values of pH 6.6 compared to pH7.4 after an incubation period of
vs. pH 7.4, (n.d.) not detectable.ERK1/2, p38 and CREB was not affected at pH 6.6 after 3 h, except in
Mono Mac 6 cells where total ERK1/2 protein was increased slightly
(+32 ± 14%, n = 6, p = 0.045). Phosphorylation of ERK1/2 and CREB
was unaffected by acidosis in monocytic cell lines (Fig. 6A + C) as
well as in macrophages (Fig. 6B + D). Phosphorylation of p38 wasumanmonocytes, (B) unpolarized primarymacrophages and (C)M1 or (D)M2 polarized
3 h are shown, n=4–5 (except for iNOS: n=2; triplicates each). (*) p b 0.05, (**) p b 0.01
Fig. 3. Acidosis increases protein expression of inﬂammatory markers. Time course of relative acidosis-induced changes (compared to respective pH 7.4 controls) in the expression of
(A) COX-2 protein and (B) IL-1ß protein as well as (C) nitrate−/nitrite production as an indicator of increased functional iNOS expression in RAW264.7 macrophages is shown, n =
3–7 (duplicates each). (*) p b 0.05 vs. pH 7.4.
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differentiated THP-1 cells. In RAW264.7macrophages p38 phosphoryla-
tion increased signiﬁcantly under acidic conditions by 38±10% (n=6;
p b 0.05 vs. pH 7.4). When normalized to the total amount of p38 the
increase in RAW264.7 cells was 30 ± 13% (Fig. 6B; p = 0.045). This
acidosis-induced activation of p38 was speciﬁc, since phosphorylation
of ERK1/2, another member of MAP kinase family, was not affected by
acidosis in RAW264.7 macrophages.
In primary cells acidosis also affected the activation signaling
cascades. CREB was statistically signiﬁcantly activated neither in mono-
cytes nor in any of themacrophage cell types (Fig. 7). There was a trend
towards increased phosphorylation of p38 in unpolarized and M1mac-
rophages but statistical signiﬁcantly repressed p38 phosphorylation in
M2 cells. Also a trend in elevated ERK1/2 phosphorylation inmonocytes
was found, while in M1 and M2 macrophages phosphorylation was re-
duced (Fig. 7C + D). Altogether, the evaluation of the regulation in cell
signaling of freshly isolated monocytes/macrophages was difﬁcult due
to large variation between the different monocyte preparations and
due to low protein amounts resulting in weak signals in Western blots
(Suppl. Fig. 4).
Since p38 is known to play a critical role in regulating the expression
of different inﬂammatory markers, further experiments were per-
formed in RAW264.7 cells to elucidate its role in acidosis-induced
gene regulation. In these experiments p38 activity was blocked by
10 μM SB203580 and the effect on the expression of COX-2, IL-1ß,
iNOS and MCP-1 was studied (Fig. 8). At ﬁrst it was analyzed whether
the expression was p38-dependent even under normal pH. When
inhibiting p38 at pH 7.4 the expression of IL-1ß was signiﬁcantly re-
duced but that of MCP-1 was more than doubled (Fig. 8A) indicatingFig. 4.Migration is not affected by extracellular acidosis. Motility in μm/min is shown for Mono
pH 6.6, n = 4–5 (minimum 10 cells per cell passage).that p38 is involved in controlling the expression of these cytokines.
In the literature a regulation of MCP-1 by p38 in RAW264.7 cells was
shown, although the results seem to depend on the experimental
setting, since up-, down- and no regulation were described [29–31].
Under acidic conditions, where the expression of IL-1ß, COX-2 and
iNOS mRNA was increased (Fig. 1B), inhibition of p38 blocked the ex-
pression (Fig. 8B). With SB203580 the expression of these mediators
reached approximately the level at pH 7.4 indicating that the acidosis-
induced increase is mediated by p38. Taken together, our results show
an acidosis-induced activation of p38 signaling in RAW264.7 macro-
phages which leads to an increase in the expression of inﬂammatory
markers COX-2, IL-1ß and iNOS.
4. Discussion
Local acidosis is often found in different pathological conditions like
acute or chronic inﬂammation, ischemia as well as in the tumor micro-
environment. In this studywe show that acidosis impacts onmonocytic
cells andmacrophages in dependency of their differentiation. Monocyt-
ic cells (MonoMac 6, THP-1) display a diminished expression of inﬂam-
matory markers when extracellular pH is lowered. COX-2, IL-6, MCP-1,
SPP1 and TNF-αwere reduced signiﬁcantly in both cell lines. An acidic
microenvironment hence impedes the production of prostaglandins,
the recruitment of subsequent immune cells and the secretion of pro-
inﬂammatory cytokines. Therefore acidosis seems to diminish the in-
ﬂammatory response in the monocytic cell lines. The data of these im-
mortalized cell lines were only partially conﬁrmed in primary human
monocytes. In primary cells only MCP-1 and TNF-α were signiﬁcantly
reduced whereas the expression of COX-2 and IL-6 increased. TheseMac 6 (A), THP-1 (B) and RAW264.7 cells (C) in bicarbonate-buffered solution pH 7.4 or
Fig. 5. Acidosis enhances phagocytic activity of macrophages. The time course of relative
changes in phagocytosis comparing pH 6.6 to pH 7.4 is shown for PMA-differentiated
THP-1 (A) and RAW264.7 cells (B), “0” meaning no change and “+/−x” resembles
relative changes induced by acidic incubation. n = 4–7; (*) p b 0.05 vs. pH 7.4.
77A. Riemann et al. / Biochimica et Biophysica Acta 1862 (2016) 72–81results illustrate that data, obtained in immortalized cell lines with a
leukemic background, potentially cannot be transferred to the human
situation. However, the down regulation of MCP-1 and TNF-α by acido-
sis in all cells indicate a fundamental mechanism resulting in a reduced
recruitment of inﬂammatory cells in an acidic tissue.
In macrophages the response to acidosis was fundamentally differ-
ent. In RAW264.7 cells the expression of COX-2, IL-1ß and iNOSwas sig-
niﬁcantly increased on the mRNA level (Fig. 1B) but also on the level of
functional protein (Fig. 3). Obviously, the inﬂammatory behavior of
RAW264.7 macrophages is activated by extracellular acidosis, which
is also reﬂected by the increased phagocytic activity under theseFig. 6. Impact of acidosis on ERK1/2, p38 and CREB phosphorylation in differentmonocytic andm
of 3 h acidosis (control: 3 h pH 7.4) on phosphorylated protein normalized to total ERK1/2, p3conditions (Fig. 5B). The results of the RAW264.7 cell line were
conﬁrmed in primary human unpolarized and M2 macrophages
(Fig. 2B+D). In these cells also COX-2 and iNOSwere increasedwhere-
as MCP-1 was markedly reduced. Only IL-1ß expression was not in-
creased in M0 macrophages. For acidosis-induced IL-1ß regulation,
differing results were obtained from the group of Jancic et al. [32].
They demonstrated that GM-CSF pre-differentiated macrophages
showed no regulation of IL-1ß, while monocytes exhibited an increase
in IL-1ß and no regulation of IL-6 and TNF-α. However, experimental
setups varied fundamentally, since we applied no pre-differentiation
step, but activated the macrophages with LPS/IFNγ or IL-4/IL-10. Addi-
tionally, results were obtained in the absence of FBS, since it is known
to affect cytokine production [33]. Obviously, RAW264.7 cells seem to
be a suitable model for unpolarized macrophages. LPS−/IFNγ-induced
M1macrophages showed a reduced expression inmost of the cytokines
indicating a repression of inﬂammation by an acidic environment. Obvi-
ously, the impact of acidosis depends not only on cell differentiation but
also on the polarization state of the macrophages.
In contrast to RAW264.7 cells the expression of inﬂammatory
markers in PMA-differentiated THP-1 was almost independent from
the extracellular pH. This might be a result of the stimulation with
PMA. Since PMA is known to regulate different cytokines in a dose de-
pendentmanner [19,34,35], it might be that the pH-depending changes
of mediator expression are opposed by the prior PMA incubation. Only
IL-1ß was upregulated by acidosis, which is consistent with the results
of Torres et al. that showed enhanced expression and secretion of IL-
1ß in differentiated THP-1 by a pH of 6.7 [36].
In RAW264.7 but also in M0 primarymacrophages the expression of
COX-2 and iNOS was increased under acidic conditions. This change of
the inﬂammatory proﬁle could have an effect on the immune responseacrophagic cell lines. Semi-quantitative analysis ofWestern blots showing relative effects
8 or CREB protein respectively, n = 6–9. (*) p b 0.05 vs. pH 7.4.
Fig. 7. Impact of acidosis on ERK1/2, p38 and CREB phosphorylation in primary humanmonocytes, unpolarized macrophages or polarized M1 andM2 cells. Semi-quantitative analysis of
Western blots showing relative effects of 3 h acidosis (control: 3 h pH 7.4) on phosphorylated protein normalized to total ERK1/2, p38 or CREB protein respectively, n= 5. (*) p b 0.05 vs.
pH 7.4.
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study acidosis was able to activate phagocytic activity of macrophages
signiﬁcantly (Fig. 5). An increase in phagocytic activity by acidosis was
also described in murine macrophages [37,38]. Therefore, acidosis
may lead to an enhanced formation of NO and fostered phagocytosis.
An increased COX-2 expression in tumor-associated macrophages has
been discussed with a poor prognosis of tumor patients [39], which
might also explain that NSAID reduce the recurrence of breast cancer
[40]. Prostaglandin E2 can play a role in the mesenchymal stem cell–
macrophage interaction leading to tumor progression [41]. In addition,
several studies indicate that increased levels of inﬂammatorymediators
such as IL-1ß (which expression was elevated in RAW264.7 macro-
phages) could also promote tumorigenesis and switch to a stem cell-
like phenotype [41,42]. Since IL-1ß as well as COX-2 expression was
strongly increased (Figs. 1B + 2D + 3) it has to be discussed whether
the acidotic environment of the tumor can promote tumor progression
indirectly by activation tumor associated macrophages.
In the present study, MCP-1 was markedly down-regulated in
RAW264.7 and primary macrophages by acidosis (Figs. 1 + 2). With
respect to the tumor-promoting effect of this cytokine [43–45], the
reduced expression could be beneﬁcial for tumor control. However,
since the migration of mononuclear immune cells is directly correlated
with the MCP-1 production [12,46], a reduced expression under acidic
conditions could hinder the chemoattraction of immune cells and by
this, could have a long-term anti-inﬂammatory effect. Finally, TNF-α
has been linked to tumorigenesis including cellular transformation, pro-
liferation, survival, angiogenesis, invasion andmetastasis [47,48]. TNF-α
was down-regulated in unstimulated as well as M1 or M2 activated
macrophages by acidosis, which is in good accordance with the results
of primary murine macrophages and human monocytes [49,50] andcould facilitate a repression of inﬂammation by an acidic environment.
Likewise an acidosis-induced reduction in TNF-α synthesis at the pro-
tein, but not mRNA level has been shown in RAW246.7 cells [51].
Taking these results together, the impact of an extracellular acidosis
is somehow Janus-faced. On the one hand acidosis has a pro-
inﬂammatory effect (mediator secretion, phagocytic activity) which
could enhance the immune response. On the other hand it can repress
the activation and recruitment of leukocytes via MCP-1 and TNF-α
reduction and indirectly promote tumor progression by secretion of
pro-tumorigenic cytokines by macrophages. At present, the net effect
of acidosis on the immune response and tumor control cannot be
predicted. Here, further experiments in co-culture (tumor cells, macro-
phages, ﬁbroblasts) as well as in vivo experiments are necessary.
In order to analyze the underlying signaling pathways responsible
for the acidosis-induced change in inﬂammatory mediator expression,
the phosphorylation of MAP kinases and CREB were studied. In
RAW264.7 and in tendency in primary M0 and M1 macrophages the
phosphorylation of p38 but not of ERK1/2 or CREB was signiﬁcantly in-
creased. These results are in good accordance to similar measurements
in several tumor cell lines [52] and normal tissue ﬁbroblasts [53]. In all
tumor cell lines as well as in ﬁbroblasts p38 was signiﬁcantly activated
by acidosis. Hence the activation of the p38 MAPK signaling pathway
seems to be a uniform response of various cells to low pH. Interestingly,
M2macrophages showed a decrease in p38 andERK1/2 phosphorylation
which might reﬂect the immune repressive action of acidosis on tumor-
associated macrophages. However, it might also be the result of the pre-
treatment with IL-4 and IL-10 for polarization since both interleukins
have been shown to strongly activate for instance p38 [54,55]. Therefore,
it may be possible that the pre-treatment already activated this signaling
cascade so that acidosis cannot further increase phosphorylation.
Fig. 8. Dependency of the expression of inﬂammatory markers on p38 signaling in
RAW264.7 macrophages during (A) control conditions (pH 7.4) and (B) extracellular
acidosis (pH 6.6). Effects of p38 inhibitor SB203580 on expression of COX-2, IL-1ß, iNOS
and MCP-1 after an incubation period of 3 h is shown. In panel (A) fold regulation as
well as ΔΔCq compared to cells at pH 7.4 incubated with vehicle (DMSO) are shown
(* p b 0.05 and ** p b 0.01 vs. w/o SB203580). In panel (B) fold regulation and ΔΔCq of
acidic conditions compared to pH 7.4 with or without SB203580, respectively, are
shown (# p b 0.05 and ## p b 0.01 pH 6.6 vs. pH 7.4 with or w/o SB203580, respectively),
n = 7–12 (triplicates each).
Fig. 9. Impact of extracellular acidosis on macrophage activity in inﬂammation. Acidosis
modulates the expression of inﬂammatorymarkers andphagocytic activity possiblymedi-
ated by acid sensitive ion channels (ASICs), proton-sensing G protein-coupled receptors
(GCPRs) or changes in intracellular pH (pHi). IL-1ß, IL-6 and SPP1 regulation (in gray)
depended on activation state and species.
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factor CREB can affect expression of inﬂammatory mediators. It is
known that p38 can stabilize inﬂammatory response protein mRNA
and promote their translation through adenylate-uridylate-rich ele-
ments in the 3'untranslated region of themRNAs [56]. This stabilization
has been shown in detail for COX-2 [57], furthermore it is known
that iNOS is p38-dependent [58,59]. Fig. 8 indicates that in RAW264.7
macrophages the expression of COX-2, IL-1ß, iNOS and MCP-1 is
p38-dependent. Basal expression (pH 7.4) of COX-2 and iNOSwas inde-
pendent of p38 activity, while IL-1ß and MCP-1 were strongly p38-
dependent (Fig. 8A). The acidosis-induced increase in the expression
of COX-2, IL-1ß, iNOS was prevented by blocking p38 (Fig. 8B), which
clearly shows that the increased expression at low pH is p38-induced.
Similar results have been found in normal tissue ﬁbroblasts [53], indi-
cating that this is a universal regulation of inﬂammatory mediators by
acidosis. MCP-1 expression was signiﬁcantly reduced at acidic pH, but
during p38 inhibition the expression further decreased, indicating that
the regulation ofMCP-1 by p38 is not direct, but comprises different sig-
naling molecules under control (pH 7.4) and under acidic conditions
(pH 6.6). In ﬁbroblasts MCP-1 expression was independent on p38 sig-
naling [53], therefore control of MCP-1 expression is cell line speciﬁc.
There are different ways of how immune cells sense and transmit
changes of extracellular pH that could lead to the regulation of MAPK
activity and cytokine expression. One possibility is acid-sensing ion
channels (ASICs) that are H+-gated sodiumchannels activated by extra-
cellular protons [60]. Dendritic cells express ASICs and theywere critical
for acidosis-induced activation of dendritic cells [61]. Additionally, ASIC
expressionwas detected inmurinemacrophages and contributed to the
acidosis-induced promotion of endocytosis andmaturation [38]. Anoth-
er possible way of sensing extracellular acidosis in inﬂammation is via
proton-sensing G protein-coupled receptors (GPCRs) [62,63]. Expres-
sion of OGR1 family receptors was found in mouse peritoneal macro-
phages and acidosis repressed TNF-α and IL-6 expression in a TDAG8-speciﬁc way via cAMP/PKA signaling [49]. Whether a similar mecha-
nism exists in human macrophages must be clariﬁed in future studies.
A third possible way to sense acidosis is by the change of intracellular
pH (pHi) since proteins sensitive to protonation can act as intracellular
pH sensors [64]. An acidosis-induced drop in pHi was shown for many
tumor and non-tumor cell lines [52] including human bloodmonocytes
[32]. In the latter work, acidosis affected IL-1ß expression in dependen-
cy of changes in pHi and intracellular free calcium. Further experiments
are needed to investigate which mechanisms are critical for the ob-
served acidosis-induced regulation of inﬂammatory markers in mono-
cytic/macrophage cell lines and human primary cells.
In conclusion, the present study demonstrates that moderate extra-
cellular acidosis which is a common ﬁnding in different pathological
conditions such as inﬂammation, ischemia or in solid growing tumors
affects the functional behavior of monocytes and macrophages and
can therefore modulate the immune response. These results are in line
with the literature suggesting that acidic microenvironment can acti-
vate neutrophils and dendritic cells and regulate the function of NK
and T cells [4,32]. However, the impact of acidosis on monocytes and
on macrophages differs. In monocytes low pH leads to a repression of
several inﬂammatory mediators and is therefore probably anti-
inﬂammatory. In macrophages (Fig. 9) the expression of COX-2, iNOS
and partly IL-6 is functionally increased as well as the phagocytic activ-
ity, leading to an increase in inﬂammation. However, MCP-1 and TNF-α
decreased and may, therefore, repress inﬂammation. Speciﬁcally in tu-
mors, where some of the cytokines can have a tumor-promoting effect,
this change could force tumor progression.Disclosure statement
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